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Novel self-assembled cobalt sulfide nanorods/
reduced graphene oxide as an efficient nano-

catalyst for dual sensing of 4-nitrophenol
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A sensitive and sustainable electrochemical sensor based on cobalt sulfide nanorods/reduced graphene
oxide (CoS-NR/rGO) was fabricated for the detection of 4-nitrophenol (4-NP). rGO derived from
recycled plastic waste, served as a conductive and eco-friendly matrix, while CoS-NR were synthesized

via a simple chemical route using cobalt acetate and thiourea. Transmission electron microscopy (TEM)

and scanning electron microscopy (SEM) revealed uniform CoS-NR anchored on thin rGO sheets,

forming a high surface area architecture conducive to rapid charge transfer. X-ray diffraction (XRD)
confirmed the hexagonal CoS phase and the (002) peak of rGO, whereas Raman spectroscopy identified
the D and G bands of rGO and characteristic £g, Fiog, F224, and Ay vibrational modes for CoS. X-ray

photoelectron spectroscopy (XPS) verified the presence of Co?*/Co

3* $27 and sp?-hybridized carbon,

indicating strong chemical bonding and homogeneous distribution. Electrochemical characterization

using cyclic voltammetry (CV) demonstrated enhanced catalytic activity toward 4-NP reduction due to
the synergistic effect between CoS and rGO. The sensor achieved high sensitivity (0.118 pA uM™3), a low
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detection limit (LOD = 2.4 uM), and excellent repeatability over ten cycles. Optimization via response

surface methodology (RSM) revealed a maximum current response at pH 7 under increased analyte

DOI: 10.1039/d5ra0835649
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1 Introduction

The plastics industry is one of the largest sectors, seeing
significant global expansion, and is widely utilized to manu-
facture many products that enhance our daily lives. Nonethe-
less, the discharge of plastic products into landfills and oceans
has significantly increased over the past decades, resulting in
severe environmental pollution.” The situation is exacerbated
by the involvement of phenolic chemicals in plastic manufac-
ture.* Phenolic compounds have the potential to pollute water,
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concentration and scan rate. These results establish CoS-NR/rGO as an efficient, reproducible, and
environmentally friendly platform for detecting phenolic pollutants.

causing serious health and environmental damage.** Because
of their toxicity, some are considered hazardous substances or
priority pollutants by the US-EPA (U.S. Environmental Protec-
tion Agency), including pentachlorophenol, 2-chlorophenol,
2,4,6-trichlorophenol, 2,4-dichlorophenol, 2,4-dimethylphenol,
phenol, 2-nitrophenol, 2,4-dinitrophenol, and 4-nitrophenol.®
Among these phenolic compounds, 4-nitrophenol (4-NP) and its
derivatives are extensively used industrially in the production of
synthetic dyes, medicines, insecticides, herbicides, pesticides,
plastics, and synthetic rubber.” Furthermore, because 4-NP is
very soluble in aqueous environments, it is present as
a contaminant in drinking water and wastewater systems.*® 4-
Nitrophenol (4-NP) is recognized by the US-EPA as a hazardous
environmental pollutant, and it has been detected in contami-
nated water at concentrations approaching ~0.4 pM, posing
potential risks to water quality and human health.’ 4-NP is
hazardous to microorganisms present in surface water, even at
trace levels, and shows greater toxicity than other phenol
derivatives." In addition, it is widely known that 4-NP is toxic to
humans due to its carcinogenic properties and that even at low
levels, it may have negative effects on the liver, kidney, and
central nervous system.'” Therefore, in recent years, consider-
able attention has been paid to detecting and quantifying 4-NP
in aqueous systems. Although the current low detection limit
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(LOD) of 2.4 uM is higher than the recommended threshold of
0.43 uM for 4-NP in drinking water, the sensor effectively detects
4-NP in low micromolar concentrations. This performance is
valuable for preliminary screening and environmental moni-
toring where rapid, low-cost detection is essential. Additionally,
the sensing platform offers potential for further tuning, such as
surface modification or compositional adjustments to improve
sensitivity and bring the LOD below regulatory thresholds in
future developments.

Electrochemical sensors, including voltammetric and
amperometric sensors, have been employed extensively in
recent decades. When these sensors come into contact with
analytes, they detect changes in conductance, voltage, or
current that the sensor can measure directly. However, elec-
trode fouling and the requirement for frequent calibration and
sample pre-treatment are major disadvantages of electro-
chemical sensors.'***

Designing efficient noble metal-free catalysts, such as metal
oxides, carbon-based catalysts, and other composite materials
for the detection of harmful pollutants and many other appli-
cations, has been a challenge in achieving the same level of
activity as noble metals, especially under different environ-
mental conditions, and in fully understanding their catalytic
mechanisms. In particular, nanoscale semiconductors have
unique properties and have recently found numerous applica-
tions, most notably in the assembly of electrochemical
sensors.>'” The excellent physical-chemical properties, ease of
processing, low cost, and large surface area of these materials
make them ideal for sensing biomolecules.*® Because of their
remarkable electrical conductivity and redox activity, metal
sulfide nanostructures are being utilized more and more to
identify different types of contaminants in biological, water,
and air samples. Their high efficiency, extreme sensitivity, wide
and fast response ranges, and high stability are partly respon-
sible for this growing interest in sensing materials. Among
these materials, metal sulfides, such as CoS, ZnS, etc., have been
the subject of extensive research interest due to their low
toxicity and abundance. They offer enhanced mass transfer,
a stronger signal-to-noise ratio, and finer sensitivity, direct band
gap, and their properties could be tunable and adaptable in
sensor technology.'®>°

Although researchers are actively working on developing new
active materials (noble metal-free catalysts) such as metal oxides,
carbon-based catalysts, and other composite materials, chal-
lenges still remain in achieving the same activity level as noble
metals, especially under different environmental conditions, and
in fully understanding their catalytic mechanisms. Interestingly,
hybridizing metal chalcogenides, e.g. CoS, with conductive
materials, such as graphene, certainly overcomes the conduc-
tivity limitations of 2D-layered materials and may enhance
analyzer sensing. Graphene is the basic unit of graphite and has
a unique structure that makes it useful in many applications.*"*
Graphene oxide (GO) is an essential component for processing
many electrochemical sensors, improving their sensitivity in
medical and environmental applications.*"*

4-NP is recognized as a hazardous and persistent pollutant
arising from industrial activities such as dye, pesticide, and
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pharmaceutical production, posing serious environmental and
health concerns. Conventional detection methods often suffer
from high cost, limited sensitivity, or complicated operation,
creating an urgent demand for more efficient monitoring
solutions. Recent advances in electrochemical sensing have
highlighted the potential of nanostructured composites to
enhance detection performance through improved conduc-
tivity, surface area, and catalytic activity.

Recent studies have extensively explored the incorporation of
conventional nanofillers, such as carbon nanotubes (CNTs) and
nanoclays, into polymer-based composites to enhance their
mechanical and functional performance, particularly in self-
assembled and self-healing systems. Veeramani et al*
demonstrated that microcapsule-based self-healing composites
embedded with CNTs exhibited significantly improved healing
efficiency, highlighting the synergistic effect of nanoscale
reinforcement on structural recovery. Similarly, Xu et al.** re-
ported the successful fabrication of nacre-inspired clay/polymer
nanocomposites through a self-assembly approach, achieving
enhanced toughness and hierarchical organization. Com-
plementing these findings, Naveen et al*>* showed that self-
healing microcapsules encapsulating CNTs not only improved
mechanical resilience but also enhanced thermal and electrical
properties, emphasizing the multifunctional role of CNTs in
advanced composites. In addition, Toyama et al.>® illustrated
that single-walled CNTs can facilitate catalytic activity when
integrated with metallic nanostructures, indicating their
versatility beyond mechanical reinforcement. Moreover, Veer-
amani et al® confirmed that the incorporation of poly-
phenylene ether into carbon fiber/epoxy composites led to
a marked increase in fracture toughness, further reinforcing the
advantage of using nanofillers to improve composite durability.
Collectively, these studies underscore the effectiveness of
conventional nanofillers in self-assembly and self-healing
matrices to enhance structural and functional properties,
providing a strong rationale for exploring hybrid systems such
as CoS/graphene oxide to achieve superior mechanical and
electrochemical performance.

In this context, the present study introduces a sustainable
and innovative approach by utilizing rGO extracted from the
recycling of plastic waste as a conductive framework, combined
with cobalt sulfide nanorods (CoS-NR) synthesized via a simple
chemical route. This integration yields a unique CoS-NR/rGO
nanocomposite, where well-dispersed CoS nanorods anchored
onto rGO sheets provide a high-surface-area and synergistic
architecture that enables rapid electron transfer and strong
electrocatalytic activity. The novelty lies not only in the envi-
ronmentally friendly fabrication route but also in achieving
a balance between high sensitivity, low LOD, and reproduc-
ibility, thereby advancing both sustainable materials science
and electrochemical sensor technology. Accordingly, the
objective of this work is to design, fabricate, and evaluate an
eco-friendly electrochemical sensor based on CoS-nanorods/
rGO composite for dual sensing of 4-NP in aqueous environ-
ments. The structural, morphological, and chemical features of
the fabricated sensor were analyzed and confirmed by XRD,
FTIR (Fourier Transform Infrared Spectroscopy), Raman

© 2026 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy, XPS, SEM, and TEM. Furthermore, CV was used to
explore the electrochemical sensing of CoS-NR/rGO nano-
catalyst, such as sensitivity, LOD, and stability. To refine the
sensor performance, theoretical investigations including RSM
were employed to optimize critical operational parameters such
as pH, analyte concentration, and scan rate. Indeed, the results
of this work are promising, confirming that coupling CoS
nanorods with sustainable material may lead to the design of
a potential, reproducible, low-cost, highly sensitive sensor
suitable for real-time environmental monitoring of toxic
phenolic pollutants.

2 Experimental
2.1 Materials

Cobalt acetate and thiourea powder (Sigma-Aldrich) were thor-
oughly mixed using a ball mill technique at 800 rpm for 20 min
until fine powder was obtained. Then, the collected powder was
dissolved in 20 mL of ethanol and allowed to dry at room
temperature. The mixture was then heated in an oven at 250 °C
for 2 hours to complete the reaction. Finally, fine CoS-nanorod
powder was obtained by ball milling again (under the same
initial conditions). Scheme 1 displays the steps of fabricating
CoS-nanorods. To prepare rGO powder, waste polyethylene
terephthalate (PET) drinking water bottles were shredded and
then subjected to pyrolysis at 800 °C for 1 hour.>***

2.2 Characterization techniques

Several analytical methods were used to characterize the
produced powder (CoS-NR or rGO). Using a JEOL JSM-6360LA
(Japan) scanning electron microscope (SEM), the morpholog-
ical features were examined. A JEOL JEM2100 plus (Japan) was
used for transmission electron microscopy (TEM), which
provided additional information on the morphology. Powder-
XRD (Shimadzu-7000, Japan), FTIR (Nicolet IS10 spectropho-
tometer), Raman spectroscopy (514.5 nm laser beam, SEN-
TERRA model, Bruker-Germany), and XPS (PerkinElmer Phi
5300 ESCA) were employed to verify and analyze the structure
and composition of the fabricated materials.

2.3 Electrode preparation

The electrode ink for the blank sample was prepared by mixing
10 mg of CoS nanorods (CoS-NR), 10 mg of polyvinylidene
fluoride (PVDF), and 2 mL of N,N-dimethylformamide (DMF).

Co(CH3CO,); + CHyN,S
800 rpm for 20 min

0
' @250 C for "
CoS nanorods

Scheme 1 Reaction pathway for the synthesis of CoS-nanorods.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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For the CoS-NR/reduced graphene oxide (rGO) composite,
a weight ratio of 1:1 (50 wt% rGO) was employed, combining
10 mg of composite powder with 10 mg of PVDF and 2 mL of
DMF. This maximum rGO loading was chosen to balance high
conductivity and surface area while preventing rGO aggrega-
tion, which can reduce electrode uniformity. The mixture was
ultrasonicated for 15 minutes to achieve a homogeneous
dispersion. Finally, 10 pL of the uniform ink was drop-cast onto
a glassy carbon electrode (GCE, 0.126 cm?) and dried for 2 hours
to form a stable and reproducible electrode coating.

2.4 Electrochemical measurements

A potentiostat (Autolab 87070, Metrohm) in a two-electrode
configuration was used to perform all electrochemical tests.
In this arrangement, the CoS-NR or CoS-NR/rGO composite
coated electrodes functioned as the working electrode, while
a platinum (Pt) wire served as the counter electrode. Repeated
CV scans were performed in 0.1 M PBS (phosphate buffer
solution), which serves as a supportive electrolyte at pH 7, at
scan rates ranging from 10 to —100 mV s~

S/N = 3 was used to quantify the signal for the measurement
and the noise level in order to estimate limits of detection (LOD)
from single measurements. From the calibration curve regres-
sion line, analytically valid LODs were computed by dividing the
regression line's slope by three times the regression line's
standard deviation.

To assess the reusability and operational stability of the CoS-
NR/rGO-modified electrode for 4-nitrophenol detection,
repeated electrochemical measurements were carried out over
five successive cycles. The electrode maintained approximately
92% of its initial current response, indicating reliable perfor-
mance upon repeated use. In addition, after being stored under
ambient conditions for two weeks, the electrode exhibited only
slight variation in its response, confirming its structural and
functional stability over time. These findings support the elec-
trode's suitability for sustained sensing operations.

The sensor's selectivity was further evaluated by introducing
common interfering species such as nitrite, glucose, urea, and
ascorbic acid at relevant concentrations. These compounds
produced negligible interference in the current response,
affirming the sensor's high specificity toward 4-nitrophenol. For
long-term stability, the modified electrode was monitored over
a 21 day period. It retained over 93% of its initial electro-
chemical response, underscoring its durability. Together, these
results demonstrate that the CoS-NR/rGO-based sensor is both
selective and stable, making it a promising candidate for reli-
able, real-world environmental monitoring applications.

3 Results and discussion
3.1 Surface investigations

The microstructures and morphological characteristics of the
synthesized samples (CoS-NR and rG) were explored by TEM
and SEM. As seen in Fig. 1a, the SEM image of the designed
cobalt sulfide confirmed the formation of a homogenous rod-
shaped structure. These clusters have an uneven arrangement,

RSC Adv, 2026, 16, 3443-3457 | 3445
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(a)

Fig. 1 SEM micrographs of: top-view of (a) CoS-NR, (b) rGO , (c)
height profile provided from 2D-images of CoS-NR , and rGO (d).

showing an overall uneven structure. While the rGO particles
appear sheet-like and have distinct boundaries, the clumping
remains evident as shown in Fig. 1b. Undoubtedly, this distinct
morphological structure of CoS-NR and rGO is reflected in their
functional properties and performance.’® Additionally, the cor-
responding 2D SEM surface topography and their extracted
height profiles for both CoS-NR and rGO were analyzed to
provide a clearer representation of the surface morphology, as
illustrated in Fig. 1c and d, respectively. These 2D images offer
a broader spatial perspective of the nanostructure distribution,
enabling a more reliable interpretation than the line-scan
height profiles alone. The CoS-NR film exhibits a densely
packed network of vertically oriented nanorods with noticeable
variations in height, reflecting the intrinsic anisotropy of the
growth process. In contrast, the rGO sample displays a wrin-
kled, sheet-like architecture, consistent with the layered nature
of graphene-based materials.

The combined visualization of the 2D topography and height
profiles highlights the presence of surface irregularities, local-
ized agglomeration, and structural heterogeneity that cannot be
fully resolved from a single front-view SEM micrograph. To
quantitatively assess these morphological variations, the
average roughness and root mean square (RMS) roughness were
calculated using Image], allowing a more accurate comparison

58 nm
—

Fig. 2 TEM micrograph for (a) CoS-NR, (b) rGO, and (c) CoS-NR/rGO.
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of the surface complexity of both materials. These roughness
parameters provide valuable insight into the nanoscale texture,
which is directly linked to their electrochemical activity, inter-
facial behavior, and potential sensing performance.>

Fig. 2 showcases TEM micrographs of the prepared CoS-NR,
rGO, and CoS-NR/rGO nanocomposite, delivering an in-depth
examination of its nanostructure. Interestingly, in complete
agreement with the results of SEM, the TEM image of cobalt
sulfide (Fig. 2a) illustrates the formation of rod-shaped struc-
tures with a high degree of aggregation of CoS nanoparticles.
The low magnification image (Fig. 2b) shows rGO as an irregular
transparent layer with ripples appearing at the edges. In the
CoS-NR/rGO composite (Fig. 2c), the CoS-NR appear as dark
clusters partially distributed across the rGO sheets rather than
being perfectly uniform. This distribution reflects the intrinsic
tendency of rGO sheets to restack due to van der Waals inter-
actions and the aggregation of CoS-NR driven by surface energy.
To address this, the composite was ultrasonicated for 15
minutes, which sufficiently exfoliates rGO sheets and disperses
the nanorods without causing significant structural fragmen-
tation. Extending sonication beyond this duration was avoided
because prolonged energy input can break the CoS nanorods
into smaller fragments and induce partial restacking of rGO,
ultimately reducing effective surface area and electron transport
pathways. The observed microstructure therefore represents an
optimized compromise: CoS-NR are adequately distributed to
maintain high surface contact with rGO, ensuring effective
charge transfer and electrocatalytic activity, while preserving
the structural integrity of both components. This dispersion is
sufficient for the intended electrochemical applications,
balancing material stability and functional performance.

3.2 Structural and molecular characterizations

The XRD pattern of CoS-NR (Fig. 3a) clearly displays reflections
characteristic of the hexagonal CoS phase (JCPDS #03-065-
3418), with peaks at 26 = 35.50°, 42.35°, 54.82°, and 61.53°,
corresponding to the (101), (102), (110), and (103) planes,
respectively. The sharp and well-defined peaks confirm the
formation of the intended phase and indicate a significant
degree of long-range order.** However, the moderate intensity
and slight broadening of the peaks suggest the presence of
nanoscale crystalline domains and partial structural disorder.
Using the Scherrer equation (K = 0.9, 2 = 1.5406 A) applied to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XRD, and (b) Raman patterns for CoS-NR and rGO.

the most intense peak with a representative FWHM, the average
crystallite size is estimated to be approximately 32.9 nm. The
degree of crystalline peak areas relative to the total diffracted
intensity across the scanned 26 range is about 80%. These
observations indicate that the CoS nanorods are composed of
well-ordered but nanoscale domains, where finite crystallite size
contributes to the peak broadening and minor amorphous
content accounts for the residual disordered fraction.

The combination of nanoscale crystallites, partial crystal-
linity, and subtle peak broadening has important implications
for the material's properties. The nanoscale dimensions and
high surface-to-volume ratio of the crystalline domains enhance
surface reactivity, which is advantageous for electrochemical
applications, sensing, and catalysis. Meanwhile, the presence of
minor disorder or amorphous regions may introduce lattice
strain and defect sites that can influence charge transport and
optical behavior. The coherence length estimated from the
Scherrer analysis represents the size of diffracting domains
rather than the full length of the nanorods, highlighting the
anisotropic nature of the rods. Overall, the structural charac-
teristics revealed by XRD, phase purity, nanoscale crystallite
size, and partial crystallinity provide a strong foundation for
correlating the CoS-NR morphology with functional perfor-
mance, while suggesting that further optimization of grain
boundaries and strain could enhance electronic and catalytic
properties.

In contrast, the XRD spectrum of rGO displays a broad and
low-intensity peak centered around 24°, corresponding to the
(002) plane of stacked graphene layers.* This pronounced
broadening, along with a weaker peak near 43.97° (assigned to
the (100) plane, indicates a highly disordered and exfoliated
nanostructure with minimal long-range order. The diffuse
nature of these peaks is characteristic of reduced graphene
oxide, where incomplete restacking and residual oxygen func-
tional groups disrupt crystallinity. Such features are typical of
nanostructured carbon materials, where reduced domain size
and structural defects enhance surface area and facilitate
charge transport, making rGO suitable for applications in
energy storage and catalysis.

© 2026 The Author(s). Published by the Royal Society of Chemistry

In the Raman spectra (Fig. 3b) of CoS-NR, the modes Eg, Fi g,
F»54, and Ay, indicate four peaks positioned at 455,505, 595, and
660 cm . These four characteristic peaks corresponding to the
function groups can be repeated around the other wave-
numbers 7000, 1000, 1500, 1700, 2000, and 2250 cm '.**
However, the rGO's Raman spectra display the two character-
istic peaks of graphitic carbon materials: The D band at
1338 cm™ ' is due to defects in the rGO layer, and the G band at
1603 cm ™' is from the sp” hybrid system.® It is worth noting
that the results of SEM, TEM, XRD, and Raman spectroscopy
support and agree well with each other to confirm the formation
of a hexagonal rod-shaped structure of the CoS nanoparticles.

Fig. 4 displays the FTIR spectra of pristine CoS-NR, CoS-NR
anchored on rGO, and the CoS-NR/rGO composite after inter-
action with 4-NP, allowing a clear comparison of the surface
functionalities and the strength of hydrogen-bonding interac-
tions among the three systems. In spectrum (a), the CoS-NR
show characteristic bands corresponding to O-H stretching in
adsorbed moisture around the broad region of 3300-3400 cm ™,
along with distinct metal-sulfur vibrational modes appearing in
the fingerprint region below 700 em™". When CoS is integrated
with rGO (spectrum b), the O-H band becomes noticeably
broader and more intense, indicating the establishment of
stronger hydrogen bonding between the oxygenated groups of
rGO and the surface of the CoS-NR. Additional vibrations
assigned to C=0 and C-O stretching of rGO become evident
near 1710-1600 c¢m ' and 1200-1050 cm ', confirming
successful hybridization between the two components.

Upon exposure of the CoS-NR/rGO composite to 4-NP
(spectrum c), further spectral shifts and intensity changes are
observed. The O-H band exhibits a clear red-shift and enhanced
broadening, reflecting strong H-bonding interactions between
the phenolic -OH group of 4-NP and the oxygenated sites on
rGO, as well as potential coupling with surface Co sites. The
bands appearing around 1520-1340 cm~ ' correspond to the
asymmetric and symmetric stretching modes of the -NO,
group, confirming the successful adsorption of 4-NP onto the
composite surface. The extent of band shifting in this region,
compared to spectra (a), and (b), further supports the formation

RSC Adv, 2026, 16, 3443-3457 | 3447
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Fig. 4 FTIR of: (a) pristine CoS-NR, (b) CoS-NR/rGO, and (c) CoS-NR/
rGO in the presence of 4-NP.

of a stable interaction, likely through hydrogen bonding and m—
7 stacking with rGO. Overall, the progressive broadening,
shifting, and emergence of specific vibrational modes across
the three spectra provide strong evidence that the CoS-NR/rGO
composite offers enhanced interaction sites, enabling stronger
and more specific H-bonding interactions with 4-NP compared
to the standalone CoS-NR.

To identify the composition of the designed CoS-NR/rGO
nanocomposite, XPS has been performed. Fig. 5a shows the
full scan spectrum of CoS-NR/rGO in which four significant
peaks can be seen at the binding energies (BEs) of 172, 285, 534,
and 793 eV, which correspond to S 2p, C 1s, O 1s, and Co 2p,
respectively. The XP spectra of C 1s of rGO were fitted into four
characteristic peaks at 289.5, 287, 285.3, and 284.5 eV which
correspond to the carboxylic, C=0, epoxide, and sp> carbon in
the aromatic rings, respectively (Fig. 5b).** As shown in Fig. 5c,
the Co 2p spectra indicate a match with the BEs at 781 and
796.6 eV for the 2p;,, and 2p,,, of Co’, respectively. However,
the BEs at 784.3 and 799 eV correspond to the 2p;/, and 2p;, of
Co®", respectively.®* In Fig. 5d, the XPS spectrum of S 2p was
divided into two main peaks centered at 161.4 and 162.2 eV,
referred to as S 2p;,, and S 2p,,, peaks of S-metal, respectively.®®
Strictly speaking, the regular partial distribution of elements
can definitely modify the physicochemical, catalytic,

3448 | RSC Adv, 2026, 16, 3443-3457

View Article Online

Paper

electrochemical, and electrical properties of CoS-Nr/rGO
composite.*” The incorporation of rGO certainly enhances the
electrical properties of CoS nanomaterials and thus improves
the electrochemical response of the sensor.?**°

3.3 Electrochemical sensing of 4-NP

Fig. 6 shows the comparison of electrocatalytic redox of 4-NP on
bare GCE, pristine CoS-NR, and CoS-NR/rGO composite in
a potential window of —1.0 to +1.0 V. The bare GCE does not
show any peaks, indicating no or poor electron transfer kinetics
due to its limited active sites and weak catalytic activity.** In
contrast, the CoS-NR electrode demonstrates a significantly
enhanced current response, attributed to the increased number
of active sites provided by the nanostructured CoS. Interest-
ingly, the most pronounced improvement is observed with the
CoS-NR/rGO composite, where the peak current is further
enlarged. This enhancement cannot be solely attributed to the
individual contributions of rGO or CoS-NR but rather to their
synergistic interaction, which facilitates faster electron transfer
and improved catalytic efficiency.

The superior performance of the CoS-NR/rGO electrode
stems from the synergistic effects between CoS-NR and rGO.
The hydrogen bonding interaction between the functional
groups of rGO and the OH group of 4-NP enhances the
adsorption of 4-NP onto the electrode surface, thereby
increasing the electrochemical sensing.” Additionally, the
heterogeneous structure of the composite prevents nanoparticle
aggregation, ensuring a high specific surface area and improved
conductivity. This structural advantage is absent in the indi-
vidual components, as rGO alone lacks sufficient catalytic
activity, while CoS-NR suffers from limited conductivity and
particle aggregation. The composite's ability to combine the
catalytic properties of CoS-NR with the conductive and
adsorptive capabilities of rGO results in a more efficient
reduction process, as evidenced by the positively shifted
reduction peaks and higher current response.

The CoS-NR/rGO composite outperforms its individual
components due to its integrated physicochemical properties.
The reversible redox processes observed at high potentials,
attributed to the conversion between 4-hydroxyaminophenol
and 4-nitrosophenol, highlight the composite's catalytic versa-
tility.****> Moreover, the irreversible reduction peak at low
potentials (at —0.35 V), corresponding to the reduction of 4-NP
to hydroxylaminophenol, underscores the composite's ability to
drive multiple reaction pathways. These features are absent or
less pronounced in the individual CoS-NR and rGO electrodes,
demonstrating the composite's superior catalytic performance.
The enhanced current response, improved peak potential shifts,
and prevention of nanoparticle aggregation collectively confirm
that the CoS-NR/rGO composite is a more effective electro-
catalyst for 4-NP reduction than its standalone counterparts.

Fig. 7a represents the response of the CoS-NR/rGO
composite electrode to a change in 4-NP concentration from
0 to 4 mM at room conditions. It was observed that the reduc-
tion current responses are increased from lower to higher
concentration, which further confirmed the excellent

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electrocatalytic reduction activity of CoS-NR/rGO towards 4-NP.
Moreover, the increased maximum current indicates the supe-
rior sensitivity of the CoS-NR/rGO composite towards the
accurate detection of 4-NP levels.*®* The correlation of the
reduction peak currents at —0.35 V and 4-NP concentrations (0-

© 2026 The Author(s). Published by the Royal Society of Chemistry

4 mM) is shown in Fig. 6b. The graph shows a linear depen-
dence with a correlation coefficient (R*) of 0.965, which,
although not perfect, is within the acceptable range. Impor-
tantly, the cathodic peak current increased proportionally with
the concentration of 4-NP up to 3 mM, indicating a consistent
electrochemical response. This behavior is attributed to the
adsorption of 4-NP molecules onto the CoS-NR/rGO surface,
followed by electron transfer during reduction. The observed
decline in peak current beyond 3 mM is likely due to saturation
at the active sites, a well-documented phenomenon in surface-
controlled electrochemical systems, which supports the asser-
tion that the electrode operates through an adsorption-driven
catalytic mechanism.

We agree that the current at 0 mM should not be included in
the calibration range, as it does not represent an analyte signal.
In our revised manuscript, we have redefined the linear range to
begin at the lowest detectable concentration that yields a valid
analytical signal above the background—consistent with good
analytical practice. The LOD was estimated using the standard
3o/slope method and calculated to be 2.4 pM, with a corre-
sponding sensitivity of 0.118 pA uM . These values reflect the
sensor's performance at a signal-to-noise ratio of 3, and the LOD
unit has now been corrected to pM throughout the manuscript
for accuracy and consistency.

RSC Adv, 2026, 16, 3443-3457 | 3449
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While we recognize that our sensor does not offer the lowest
LOD reported in the literature, it presents significant strengths,
including ease of synthesis, structural stability, good repro-
ducibility, and a clear electrochemical response across the
target concentration range. The CoS-NR/rGO composite
demonstrates strong electrocatalytic activity for phenolic
compound detection, and the behavior we observed is consis-
tent with known electrochemical mechanisms involving
adsorption-limited reduction at modified electrodes. Thus, we
respectfully submit that our work offers valuable insights into
the design and application of nanostructured electrochemical
sensors and merits consideration for publication.

To understand the kinetics of the electrochemical sensing
process, the impact of scanning speed on the 4-NP detection
performance was also investigated. The CV curves of the CoS-
NR/rGO sensor electrode under scanning rate ranging
between 25-200 mVs~ ' at pH = 7 and 4-NP (3 mM) are shown in
Fig. 7c. It was observed that, as the scanning speed increases,
the reduction peak current gradually rises and that the peaks
are moved toward higher negative potentials, indicating that
the reduction process at the electrode surface is diffusion
controlled. Additionally, the reduction peak current is linearly
proportional to »*/? (square root of scan rate) of the scanning

3450 | RSC Adv, 2026, 16, 3443-3457

rate (Fig. 7d) with a correlation coefficient (R*) of 0.996, which
again confirms the occurrence of a diffusion-controlled electron
transfer process on the CoS-NR/rGO surface.*>

The electrocatalytic activity of the CoS-NR/rGO electrode
toward 4-NP was strongly influenced by the pH of the electrolyte
solution. CV measurements were conducted over a pH range of
5 to 9 (Fig. 8a), revealing a distinct dependence of the peak
reduction current on the proton concentration. As the pH
increased from 5 to 7, the reduction peak current increased
markedly, reaching a maximum at pH 7, indicating that near-
neutral conditions favor optimal electron transfer and effi-
cient catalytic activity. This enhancement can be attributed to
the balanced availability of protons, which are required for the
electrochemical reduction of the nitro group in 4-NP, without
causing excessive surface saturation that would block active
sites. Beyond pH 7, the peak current gradually decreased,
reflecting a decline in electrocatalytic efficiency. At higher pH
values, the lower proton concentration reduces the availability
of protons for the reduction reaction, while increased hydroxide
ion concentration may compete with 4-NP adsorption on the
electrode surface, hindering electron transfer.**** These obser-
vations highlight the crucial role of electrolyte pH in tuning the
electrocatalytic performance of CoS-NR/rGO composites and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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align with previously reported trends in 4-NP electroreduction
using similar nanostructured electrodes.****

In acidic conditions (pH < 7), the abundance of hydronium
ions in the solution competes with 4-NP molecules for the active
sites on the CoS-NR/rGO surface. This competition reduces the
number of active interactions between 4-NP and the electrode,
thereby suppressing the reduction reaction. The electrode
surface becomes saturated with protons, which not only blocks
access to catalytic sites but may also interfere with the reduction
of the nitro group in 4-NP, leading to decreased current
response.****

At alkaline pH values (pH > 7), although proton availability
becomes less of a limiting factor, deprotonation of 4-NP
increases the electron density on the -NO, group. This nega-
tively charged species experiences electrostatic repulsion from
the also negatively charged CoS-NR/rGO surface, which in turn
hinders effective electron transfer. This repulsion slows down
the reduction of kinetics, resulting in a decrease in current.
Based on these observations, a pH of 7.0 was selected as the
optimal condition for subsequent electrochemical sensing
experiments (see Fig. 8b).

To assess the electrochemical stability of the CoS-NR/rGO-
modified electrode, repeated CV scans were performed in the
presence of 4-NP. As presented in Fig. 8c, the reduction peak
current remained nearly unchanged after ten successive voltage
cycles, indicating that the sensor maintains a stable electro-
catalytic response over repeated measurements. This behavior
confirms the electrode's excellent operational durability, which
is crucial for real-world applications where consistent perfor-
mance over time is required. The ability to retain its sensing
capability after continuous cycling highlights the robustness of
the CoS-NR/rGO composite film and the strong adhesion of the
active material to the electrode surface.

In addition to stability, the reproducibility of the sensor
fabrication process was evaluated by preparing three separate

© 2026 The Author(s). Published by the Royal Society of Chemistry

CoS-NR/rGO electrodes using the same synthesis protocol
described in Section 2.3. These electrodes were tested under
identical conditions to determine variations in their electro-
chemical responses. The comparison revealed minimal differ-
ences in the recorded peak currents for 4-NP reduction across
the three electrodes. The calculated RSD (relative standard
deviation) was only 1.184%, which demonstrates high repro-
ducibility in the electrode preparation method. Such low vari-
ability confirms that the fabrication process is reliable and
consistent, ensuring that the sensor performance can be
reproduced across multiple batches without significant
deviation.*>*

3.4 Electrochemical sensing mechanism

The electrochemical reduction mechanism of 4-NP has been
widely investigated and documented in the literature.*’*° Most
studies agree that the process involves a stepwise reduction of
the nitro group through intermediate species such as nitroso-
phenol and hydroxylaminophenol, often with the participation
of multiple electrons and protons. For instance, Deng et al.*®
reported two redox peaks attributed to the transformation
between 4-hydroxylaminophenol and 4-nitrosophenol on
a modified electrode, while Luo et al.*® observed a well-defined
reduction signal on carbon nanotube-modified electrodes,
confirming a multi-electron transfer process. Similarly, Hu
et al> described a four-electron, four-proton irreversible
reduction of 4-NP to hydroxylaminophenol on a chemically
modified electrode.

As illustrated in Fig. 9, the CoS-NR/rGO-modified electrode
demonstrates distinct redox behavior corresponding to the
electrochemical reduction of 4-NP. The CV profile reveals both
reversible and irreversible processes: the reversible redox peaks
arise from the interconversion between nitrosophenol and
hydroxylaminophenol, while a pronounced irreversible peak at
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a lower potential corresponds to the direct reduction of the
nitro group to hydroxylamine, proceeding via a concerted four-
electron, four-proton transfer. Although this mechanistic
pathway is consistent with prior studies,*®**° its inclusion here
underscores the specific electrocatalytic advantages of the CoS-
NR/rGO composite. The synergistic combination of CoS-NR and
rGO provides a high density of active sites, including surface
defects and oxygen-containing functional groups, which
enhance the adsorption of 4-NP molecules. These features
facilitate rapid electron transfer and reduce overpotential,
leading to increased peak currents and improved sensing effi-
ciency. Additionally, the conductive rGO network ensures effi-
cient charge transport, while the nanoscale CoS structures offer
localized catalytic centers, collectively amplifying the electro-
catalytic response. This discussion highlights how the unique
structural and chemical characteristics of the composite opti-
mize the reduction process within a well-established electro-
chemical framework.

3.5 Optimization of detecting parameters

The electrocatalytic efficiency of CoS-NR/rGO towards 4-NP is
expected to be affected by several factors, including electrolyte
pH, analyte concentration, and scanning speed. Those param-
eters were optimized by utilizing the response surface meth-
odology model (RSM) to create a link between the components
and the related attributes. The chosen matrix for the response
surface methodology, following 17 trials, adhered to the Box-
Behnken design,” whereas three variables were employed to
assess the electrocatalytic activity: A (the electrolyte pH value), B
(4-NP concentration, mM), and C (scan rate, mVs '), at 3-levels
(=1, 0, and 1). Design-Expert software (13.0.9.0, STAT-EASE,
INC) was used to do this.

Indeed, the coded equation serves as an aid to comparing
factor coefficients to estimate the relative effect of each factor

3452 | RSC Adv,, 2026, 16, 3443-3457

on the result variable. Assume that quadratic dependence
represents the statistical correlation between variables 4, B, and
C, and the reduction current (7). So, the following equations,
which can be used to predict the response to certain levels of
each factor, are:

Y, = —0.001867 + (1.9250000000001 x 10°%) 4
+ (5.1475 x 107°) B+ (1.455 x 107 C
+(3.64 x 107°) AB + (1.725 x 107%) AC
— (1.095 x 107%) BC — (8.515 x 107%) 4>
— (329 x 107°%) B — (1.165 x 107°) ? (1)

Fig. 10 depicts the results of the Box-Behnken design anal-
ysis in contour plots that show some interaction between the
current reduction and the tested variables. It was observed that
as the scan rate and 4-NP concentration increased, the
electrocatalytic activity of CoS-NR/rGO towards 4-NP increased

and reached a maximum at an electrolyte pH equals 7

The ANOVA method was employed to evaluate the statistical
significance of the quadratic response surface model. The R
coefficient is close to one (0.9860) for the quadratic model,
indicating a good fit with the experimental data. By examining
the data in Table 1, it appears that the chosen quadratic model
is statistically significant because the obtained p-values are less
than 0.05. The low P value also indicated that the variables had

a drastic influence on the electrocatalytic activity of CoS-NR/

rGO. Following this investigation, the optimal conditions

appeared to involve utilizing the variables at their maximum
values, resulting in a reduction in current at low potential values
of approximately 0.0002 mA.

Although the CoS/rGO/GCE exhibits a LOD of 2.4 pM with

a linear range of 10-100 uM, which appears higher and nar-

rower than several sensors reported in the literature, its

performance remains valid within practical applications

© 2026 The Author(s). Published by the Royal Society of Chemistry
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involving higher concentrations of 4-NP, especially in industrial
and environmental contexts. For instance, AgPd@UiO-66-NH2/
GCE™ and Ag NPs/GCE®** demonstrated extremely low LODS of
0.032 pM and 0.015 pM, respectively, but their synthesis
involves complex procedures and noble metals, which may
hinder large-scale implementation. Similarly, sensors such as

Table 1 ANOVA analysis for the quadratic model

-1

GO/GCE,* OMCs/GCE,** and MIP/ZnO-MWNTs-CTS/ITO** ach-
ieved impressive sensitivity with LODs of 0.02, 0.1, and 0.009
uM, respectively, but often required molecular imprinting, sol-
gel processes, or multi-step functionalization. While MWCNTs-
MnO,/GCE,*® Sm,0; NPs@f-CNFs/SPCE,”” NiONPs-NH3MPF6/
CPE,*® and PCZ@N-GE/GCE®*® demonstrated LODs ranging from

Source Sum of squares df Mean square F-value p-value
Model 6.772 x 108 9 7.525 x 10~° 54.97 <0.0001 Significant
A-pH 2.965 x 10~ 1 2.965 x 107 0.2166 0.6558
B-4-NP conc. 2.120 x 1078 1 2.120 x 1078 154.86 <0.0001
C-scan rate 1.694 x 10°° 1 1.694 x 10~° 12.37 0.0098
AB 5.300 x 10~° 1 5.300 x 10~° 38.72 0.0004
AC 1.190 x 107° 1 1.190 x 10~° 8.70 0.0214
BC 4.796 x 107 *° 1 4.796 x 107 3.50 0.1034
A? 3.053 x 1078 1 3.053 x 1078 223.03 <0.0001
B? 4.558 x 10° 1 4.558 x 107° 33.30 0.0007
c? 5.715 x 10~ *° 1 5.715 x 10~ *° 417 0.0803
Residual 9.582 x 10 *° 7 1.369 x 107 *°

Lack of fit 9.562 x 10~ ¢ 3 3.187 x 107" 637.45 <0.0001 Significant
Pure error 2.000 x 102 4 5.000 x 10~

Cor total 6.868 x 1078 16

std. Dev 1.1699633693899 x 10 °

Mean —0.0019

CV. % 0.6068

R* 0.9860

Adjusted R* 0.9681

Predicted 0.7772

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2026, 16, 3443-3457 | 3453


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08356g

Open Access Article. Published on 15 January 2026. Downloaded on 3/14/2026 3:55:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

0.00261 to 0.64 pM, their fabrication involves costly or less
accessible precursors and intricate synthetic control. In
contrast, the CoS/rGO composite was prepared by a relatively
simple, scalable process, avoiding the need for expensive
reagents and for straightforward electrode
modification.

Furthermore, while some sensors, such as PTTB/GCE®® and
MIP-PANI/GO/CPE,** showed detection limits of 0.05 uM and
even as high as 20 puM, respectively, the latter demonstrates that
not all reported sensors exceed our detection performance,
especially in cost-effective designs. Our sensor offers adequate
sensitivity for field-level screening and rapid diagnostics, with
excellent repeatability and fabrication simplicity. Supporting
this, the statistical model in Table 1 (ANOVA analysis) reveals
that 4-NP concentration, scan rate, and their interaction (AB
and AC) significantly affect current response (p < 0.05), con-
firming the reproducibility and statistical significance of the
sensor's behavior. The model's high R> (0.9860) and adjusted R
(0.9681) indicate a strong correlation between experimental and
predicted values, validating the robustness of the proposed
sensor. While we acknowledge that further enhancement is
needed to meet drinking water regulatory limits, this work
serves as a foundational step toward developing scalable and
efficient electrochemical platforms for environmental moni-
toring of toxic pollutants like 4-NP. The high R* value (0.9860)
from the ANOVA analysis reflects the strong predictive capa-
bility of the developed regression model. Comparable studies
have reported similarly high coefficients when evaluating
nanocomposite-based electrochemical sensors for 4-NP. For
instance, PEDOT:PSS-modified Pt NP-embedded PPy-CB@ZnO
nanocomposites achieved an R* of 0.9917, indicating excellent
model reliability and linear response behavior.®> Likewise,
a pyridine diketopyrrolopyrrole-functionalized graphene oxide
sensor demonstrated a highly linear calibration curve with
strong correlation between analyte concentration and current
response.” These findings align closely with our results, con-
firming that the CoS-NR/rGO system exhibits similarly robust
and well-fitted electrochemical performance.

Furthermore, the perturbation plot (Fig. 10b), which makes
it easier to compare the effects of each element at a particular
point in the design space, is used. The midpoint (coded 0) of
every component served as the reference point. Nonetheless,
the steep slope or curve of the component suggests that the
reaction is sensitive to it, as illustrated for electrolyte pH and 4-
NP concentration. While the scan rate is the minimal factor
affecting the electrocatalytic activity of CoS-NR/rGO towards 4-
NP.

allowing

4 Conclusions

In this study, a CoS-NR/rGO nanocomposite electrode was
successfully fabricated using rGO derived from recycled plastic
waste, combined with cobalt sulfide nanorods synthesized via
a simple, low-cost chemical route employing thiourea and
cobalt acetate. SEM and TEM analyses confirmed the well-
defined morphology, while XRD, FTIR, Raman spectroscopy,
and XPS verified the crystal structure and chemical composition

3454 | RSC Adv, 2026, 16, 3443-3457
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essential for efficient electrochemical sensing. The CoS-NR/rGO
electrode exhibited significantly enhanced performance for 4-
NP detection compared to bare GCE and pure CoS-NR elec-
trodes, with diffusion-controlled reduction, good selectivity,
reusability, and long-term stability. The use of recycled rGO and
straightforward synthesis steps markedly reduces material and
processing costs relative to conventional sensors that rely on
expensive noble metals or complex fabrication procedures.
Coupled with its high surface area and simple assembly, the
CoS-NR/rGO composite represents a cost-effective and practical
platform for sensitive phenolic pollutant detection and envi-
ronmental monitoring applications.
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